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Abstract. Satellite observations demonstrate Antarctic sea ice extent increased between late-1978 and 2015, with significant 30 
spatial and seasonal variability. Late spring retreat off George V Land is a major component of the observed increase, but the 
paucity of proxy records makes interpretation of trends (and impacts) challenging. Here Earth-system modelling and 
reanalysis demonstrate tropical Pacific warming can trigger an atmospheric Rossby wave response during the austral spring, 
delaying sea-ice retreat off George V Land. Our results provide new insights into the spatial and temporal role low latitudes 
play in Antarctic sea-ice production, drift and ocean circulation on decadal to centennial timescales. 35 
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1 Introduction 
Antarctic sea ice plays a significant role in the planetary surface energy balance, sea-air interactions, and ocean and 
atmospheric circulation (Hobbs et al., 2016; Jones et al., 2016; Turner et al., 2015; Goosse and Zunz, 2014; Fransson et al., 
2011). Continuous satellite observations from late-1978 to 2015 indicate that in contrast to the Arctic, Antarctic sea ice 
extent (SIE) has exhibited an increase of 17,100±2300 km2 yr−1 (Parkinson and Cavalieri, 2012) but with considerable year-5 
to-year variability (Hobbs et al., 2016). Although an analysis of a suite of CMIP5 simulations suggest the trend in total SIE is 
within the internal variability of the models (Hobbs et al., 2016), some sectors of the Antarctic exhibit spatially and 
seasonally significant contrasting trajectories (Holland and Kwok, 2012), potentially providing valuable insights into the 
drivers of change. Arguably, the most important in this regard is in the south Pacific, where a year-round increase is 
observed off George V Land (western Ross Sea) (Figure 1), partially offset by summer losses in the Bellingshausen and 10 
Amundsen seas (Parkinson and Cavalieri, 2012; Bintanja et al., 2013). Averaged over the 35 years, the sea-ice season in 
these two sectors has become shorter/longer by some 3 months respectively (Hobbs et al., 2016), with delayed spring 
(September-November) SIE retreat off George V Land linked to a westward-propagating trend that is significantly related to 
summer persistence and ‘early’ seasonal advance of sea ice (Turner et al., 2015; Hobbs et al., 2016). Whilst freshening and 
stabilisation of the water column through subsurface melting temperature has been invoked as a possible driver of increasing 15 
SIE (Jones et al., 2016; Bintanja et al., 2013), the parallel trends between George V Land and the Bellingshausen and 
Amundsen seas suggest a dynamic link.  
The marked SIE differences across the south Pacific have been linked to the Amundsen Sea Low (ASL) in response 
to changes in the tropical Pacific El Niño-Southern Oscillation (ENSO), the Southern Annular Mode (SAM) (Turner et al., 
2015; Jones et al., 2016), and/or ozone hole depletion (Fogt and Zbacnik, 2014; Jones et al., 2016). Importantly, the 20 
westward trend and delayed SIE retreat off George V Land during spring is consistent with tropical atmospheric-ocean 
circulation changes being projected onto the high-latitudes (Ding et al., 2012; Turney et al., 2017) via a Rossby wave train of 
atmospheric pressure anomalies that extend to the ASL (west Antarctic coast) into the Weddell Sea–South Atlantic (the so-
called Pacific-South American or PSA mode) (Karoly, 1989; Trenberth et al., 2014). Here, warming surface equatorial 
temperatures in the austral winter and spring lead to deep convection and upper-tropospheric divergence, with the PSA 25 
The Cryosphere Discuss., doi:10.5194/tc-2017-51, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 25 April 2017
c© Author(s) 2017. CC-BY 3.0 License.
3 
 
pattern abruptly weakening during the austral summer, preceding peak tropical Pacific temperatures by one season (Ding et 
al., 2012).  
Understanding the drivers and impacts is severely restricted by the scarcity of data before continuous satellite 
observations began in the late 1970s (Hobbs et al., 2016). As a result, modelling studies have been used to infer long-term 
variability (multi-decadal to centennial) in sea ice (Goosse and Zunz, 2014; Hobbs et al., 2016). Unfortunately, the data-5 
sparse nature of the Southern Ocean limits our understanding of the interplay between drivers of change and their impacts 
across a range of timescales. Climate-sensitive tree growth from New Zealand’s subantarctic Campbell Island (52˚S) has 
recently been used to generate an annually-resolved temperature reconstruction from the southwest Pacific that captures  
regional change since the 1870s (Turney et al., 2017). The new climate dataset suggests that modern high interannual 
variability was established during the 1940s, driven by the increasing projection of equatorial Pacific temperatures across the 10 
mid- to high-latitudes via an atmospheric Rossby wave train. While not a direct measure of climate over the high-latitudes, 
the increased variability from the mid-twentieth century provides a point for comparison to modelling, observational and 
proxy datasets across the broader region. 
2 Methods 
Global climate models (GCMs) included in the Fifth Coupled Model Intercomparison Project (CMIP5) have 15 
problems simulating the observed internal variability and/or seasonal cycle of sea ice in the Southern Ocean (Hobbs et al., 
2016; Zunz and Goosse, 2015). To compare to the climate reconstruction from Campbell Island we use a simulation of 
LOVECLIM1.3, a three-dimensional Earth-system model of intermediate complexity (Goosse et al., 2010). A simulation 
without freshwater flux was forced to follow the observations of surface temperature from the HadCRUT3 dataset from 1850 
to 2009 (Zunz and Goosse, 2015), allowing direct comparison between key climate records from different sectors across the 20 
Southern Ocean (see Supplementary Information for detailed model description). These analyses were complemented by 
investigation of key sectors of the south Pacific using the ERA Interim (Dee et al., 2011) and ACRE-facilitated NOAA-
CIRES Twentieth Century Reanalysis Project (20CR version 2c, or 20CRc; 
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https://www.esrl.noaa.gov/psd/data/20thC_Rean/#ack) (Compo et al., 2011) products. LOVECLIM model and 20CRc 
anomalies are all expressed relative to the 1961–1990 period. 
3 Results and Discussion 
To investigate the role of equatorial Pacific sea surface temperatures (SSTs) on high-latitude change, we first 
explored the seasonal and spatial relationship between Nino 3.4 and geopotential height using ERA Interim data across the 5 
period 1979-2016 (Dee et al., 2011) (Figures 2 and S1); future work will explore other measures of tropical climate 
variability. We find a pattern consistent with a Rossby wave propagation from the low-latitudes with an alternating pattern of 
low and high pressure anomalies associated with relatively warm Nino 3.4 SSTs that extend southeast into the south 
Atlantic. The strongest expression of this relationship is during the austral spring, with equatorial Nino 3.4 warming 
associated with anomalous cyclonic pressure over the southwest Pacific (SWP; 50˚ to 60˚S, 160-180˚E) and an anticyclonic 10 
anomaly in the Amundsen Sea (AS; 70˚-55˚S, 95-135˚W), consistent with previous work (Ding et al., 2012; Turney et al., 
2017). The pressure anomaly in the SWP is a key part of the Rossby wave train generated during anomalous winter and 
spring equatorial warming (Figures 2 and S2) (Turner et al., 2015; Jones et al., 2016; Smith et al., 2017). By extracting the 
pressure anomalies from ERA Interim, we find they are significantly correlated with zonal and meridional wind stress across 
the mid to high-latitudes, with anomalously low pressure associated with enhanced easterly airflow and more southerly 15 
airflow off George V Land, most notably during the austral spring (Figures S3 and S4). The same analysis of the Amundsen 
Sea demonstrates a similarly strong relationship in spring (Figure S5), with high pressure (as part of the Rossby wave train) 
linked to increased westerly airflow off the West Antarctic coast and more northerly airflow into the Ross Sea (Figures S6 
and S7). 
Together the atmospheric changes in the Southwest Pacific and Amundsen Sea appear to combine and induce 20 
substantial changes in SIE, particularly off George V Land, where the dynamic response to equatorial Pacific warming 
during the austral winter, and most importantly the spring, leads to increased sea ice off George V Land and reduced cover in 
the western Amundsen Sea (Figures 2, S8 and S9). Here we explore the linear relationship between the SIE anomalies and 
Southern Hemisphere atmospheric circulation at zero lag but recognise that the original atmospheric forcing of sea ice may 
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persist for some time through ice-ocean feedbacks (Goosse and Zunz, 2014). The inferred increase in spring easterly airflow 
along George V Land is consistent with reduced northward surface Ekman drift (Jones et al., 2016), delaying the seasonal 
breakout in this region (whilst also reducing upwelling of warm, circumpolar waters along this part of the Antarctic coast), 
consistent with the observed western trajectory of sea ice at the start of the summer (Figure 1). If correct, our results would 
imply there is relatively limited impact from subsurface melting from the East Antarctic Ice Sheet in this sector during the 5 
winter and spring (Bintanja et al., 2013). There are few observational records from the immediate region but surface wind 
measurements from the French base at Dumont D’Urville demonstrate a relationship between higher winds, stronger easterly 
coastal winds and lower pressure in the SWP (Figure S10). Here we find, lower SWP pressure is also associated with 
increased advection of polar airmasses off George V Land (Figures 2C, S4 and S10), providing a thermodynamic (near-
coast) contribution to increased sea ice (Figure S10E) (Holland and Kwok, 2012). The statistically significant correlation 10 
between surface wind speeds at Dumont D’Urville and along the coast at Cape Denison (Figure S11) suggests these 
relationships are representative of the broader region.  
To investigate changes prior to the onset of the satellite record, we compared the output from the LOVECLIM1.3 
simulations constrained by surface temperature observations (Zunz and Goosse, 2015) and 20CRc (Compo et al., 2011). For 
the January 1850 to December 2009 LOVECLIM1.3 simulation, we examined the changes in geopotential height and sea ice 15 
anomalies in key sectors. Over the past 160 years, we find a decrease in the SWP geopotential height (800 hPa) in 
LOVECLIM1.3 from the mid-twentieth century, which is mirrored in the 20CRc output (Figure 3A). Exploring the modelled 
sea-ice trends off George V Land, we find a parallel increase in SIE (Figures 3B and S12). The satellite observations follow 
a similar trajectory but our results imply the recent trend is part of a change that commenced in the mid-twentieth century.  
There are few long-term records in the SWP and on the George V Land that allow a direct comparison across this 20 
period. Fortunately in this regard, a recently reported annually-resolved tree-ring record has been reported from the SWP 
(Turney et al., 2017) from which an increase in tropical-induced climate variability since the mid-twentieth century has been 
proposed, consistent with the decrease in geopotential height and SIE suggested here. Furthermore, a high-resolution 
methanesulphonic acid record (a proxy for SIE) from Talos Dome in the East Antarctic adds further support to the inferred 
increase in SIE in this sector of the Southern Ocean from the mid-twentieth century, with tropical Pacific periodicities 25 
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detected in the proxy data (Becagli et al., 2009). Our results lend support to an increase in SIE off George V Land as a 
consequence of tropical surface warming. 
Our results suggest there was substantial variability in geopotential height over the Amundsen Sea prior to and 
during the mid-twentieth century but the most prominent change took place during the 1980s, dominating any changes prior 
to this time (Figure 3C). Although a warming tropical Pacific may have had an influence on the Amundsen Sea, the stepped-5 
decrease in the late twentieth century dominates the trend. The 20CRc does suggest increased variability in the region since 
the mid-twentieth century, implying a possible Pacific teleconnection that extends into the South Atlantic (Turney et al., 
2016; Turner et al., 2015), but Rossby wave penetration appears to have decreased across the satellite record (Trenberth et 
al., 2014). Crucially, the Amundsen Sea Low is a semi-permanent feature that deepens during the late spring into autumn 
(Turner et al., 2015). The marked change in geopotential height across the 1980s is consistent with ozone hole depletion 10 
(Fogt and Zbacnik, 2014), potentially dominating the sea ice trend year round in the western Amundsen Sea (Figures 3D and 
S13). Further work is needed to identify whether the contemporary atmospheric teleconnections between the tropics and the 
Amundsen Sea (Figure 2A) have remained stable through the twentieth century. Potentially important, recently observed 
increases in West Antarctic Ice Sheet discharge have been linked to mid-twentieth century changes driven by tropical Pacific 
changes (Smith et al., 2017), suggesting this mechanism played a considerably more significant role in the south Pacific 15 
prior to the development of the Southern Hemisphere ozone hole.  
 
4 Conclusions 
The drivers and impacts of changing Antarctic sea ice extent remain highly uncertain. Satellite observations indicate 
an increase in Antarctic sea ice extent from the late 1970s until 2015 (followed by sizeable decreases in 2016) and also 20 
considerable spatial and seasonal variability, with changes off George V Land (western Ross Sea) dominating the Antarctic-
wide trend. A major constraint is the limited duration of records in the region. Here we exploit a recently reported climate 
series to explore the role (if any) of tropical forcing on trends in the southwest Pacific where the year-round increase in sea 
ice has been linked to late spring retreat. Using a three-dimensional Earth-system model of intermediate complexity forced 
by historic climate trends, we find a mid-twentieth century decrease in geopotential height in the southwest Pacific, marking 25 
The Cryosphere Discuss., doi:10.5194/tc-2017-51, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 25 April 2017
c© Author(s) 2017. CC-BY 3.0 License.
7 
 
a Rossby wave response to equatorial Pacific warming and leading to enhanced easterly airflow in this sector of the Southern 
Ocean. Our results suggest that whereas the Amundsen Sea Low and associated changes in sea ice extent is most probably 
dominated by ozone hole depletion, the 1979-2015 increase in sea ice extent off George V Land may be in response to 
reduced northward Ekman drift and enhanced (near-coast) production, driven by equatorial Pacific atmospheric forcing. 
Given the much publicized 2016 spring decline in Antarctic sea ice extent, it remains to be seen whether the relationship 5 
described here continues to persist through the twenty-first century.  
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Figure 1: (a) Changes in sea ice concentration, 1985-2010, from satellite data (modified from (Bintanja et al., 2013); (b) monthly 
sea ice extent trends by longitude, 1979-2014 (hatching significant at 95% level) (Hobbs et al., 2016); (c) time series of George V 
Land (GV) and Amundsen Sea (AS) monthly sea ice extents, with trend lines shown.  
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Figure 2: (a) Spatial correlation between deseasonalised and detrended HadISST Nino 3.4 region sea surface temperatures (SSTs)  
and mean sea level pressure (September-November) derived from ERA-Interim (Dee et al., 2011) (1979-2016). Note, the schematic 
black arrowheads show the Rossby wave train that extends over the southwest Pacific (SWP; 50˚-60˚S, 160-180˚E) into the 
Amundsen Sea (AS; 70˚-55˚S, 95-135˚W). (b-d) Spatial correlations between SWP pressure anomaly, and zonal (b) and meridional 5 
(c) wind stress at 2-10 m, and sea ice concentration (National Snow and Ice Data Center; https://nsidc.org/data) (d). Hatched areas 
denote significant at 95% confidence level.  
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Figure 3: Comparison between reconstructed changes in September-November geopotential height and sea ice extent in key 
sectors of the Southern Ocean (post-1850). Panels A and C show mean 800 hPa geopotential height 1s envelope (blue) from 
ensemble LOVECLIM simulations for the southwest Pacific (SWP) and Amundsen Sea (AS) respectively, with 30-year running 
mean (red line). The thin and thick black lines represent the annual and 30-year running means respectively of Twentieth Century 5 
Reanalysis (20CRc) 850 hPa geopotential height (Compo et al., 2011). Simulated LOVECLIM 1s changes (blue envelope) in 
September-November sea ice extent and 30-year running mean (red line) off George V Land (GV; Panel B) and in the western 
Amundsen Sea (AS; Panel D) are compared to annual satellite-era (post-1979) sea ice extent observations. Increasing tropical 
influence from the ~1940s over the SWP interpreted from a new annually-resolved tree-ring temperature reconstruction (Turney 
et al., 2017) and increasing southerly airflow over the south Atlantic derived from sub-decadally resolved peat records on the 10 
Falkland Islands and South Georgia (Turney et al., 2016). All anomalies are expressed relative to the period 1961–1990. 
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